We investigate the 1140 nm magnetic dipole transition of thulium atoms trapped in solid argon and neon. These solids can be straightforwardly grown on any substrate at cryogenic temperatures, making them prime targets for surface sensing applications. Our data are well described by a splitting of the single vacuum transition into three components in both argon and neon, with each component narrower than the 0.8 nm spectrometer resolution. The lifetime of the excited states is 14.6(0.5) ms in argon and 27(3) ms in neon, shorter than in vacuum or in solid helium. We also collected visible laser-induced fluorescence spectroscopy showing broader emission features in the range of 580-600 nm. The narrow infrared features in particular suggest a range of possible applications.
INTRODUCTION
Isolated atoms are narrow-linewidth optical emitters that make very precise clocks [1] [2] [3] and sensors [4] . However, realizing this isolation requires that the density be low and the atoms be far from surfaces. On the other hand, atoms or atom-like defects in solid systems retain many of the magnetic and optical properties of free atoms, including in some cases long spin coherence times and narrow homogeneous linewidths [5] [6] [7] [8] . Unlike isolated atoms, these systems are confined in their hosts, which affords a wealth of opportunities for quantum sensing and quantum control at very short length scales (1-10 nm) proximate to surfaces. Many interesting phenomena in exotic materials occur at these scales. For example, breaking of spatial symmetry occurs at the nanoscale in cuprates [9, 10] , pnictides [11] , and dichalcogenides [12] , and the interplay with nanoscale inhomogeneity is important. Spin liquids also feature a wealth of interesting physics at this length scale [13] .
The best techniques to investigate these length scales currently are scattering probes and scanning tunneling microscopy/spectroscopy (STM/STS). Few-or even single-atom probes of these systems would be a useful complement, since atoms are influenced by the nearby magnetic, electric, and chemical environment rather than the electronic density of states in the material. Furthermore, each atom is identical, so that one does not have to determine if the measured properties are characteristic of the material or the specifics of the probe tip [14] . Even quantum entanglement can be probed atomically, by allowing the sensor atoms to entangle with the system of interest or with each other. Solid state optical emitters can also be used for photon storage, to couple quantum information between light and matter [6] . However, all these possibilities rely on controlling the atomic state with good fidelity, something that is hindered if broadening prevents the resolution of internal spin, hyperfine, and crystal field states of the trapped atoms. A limited set of solid state optical emitters are narrow enough to be used, with one very successful example being nitrogenvacancy (NV) centers in diamond [15] , where high fidelity readout and quantum operations are possible [7] .
We note that the range of narrow linewidth solid state optical emitters may actually be quite large, if one considers solids formed from noble gases. Embedding optically active species in inert solids, also known as matrix isolation, is frequently used in chemistry to study unstable or reactive species [16, 17] . Noble gas solids are chemically inert and easy to produce, therefore they have potential applications where the substrate must avoid surface charging. Although alkali atomic lines are typically broadened to around 100 nm when trapped in argon [18] [19] [20] , matrix isolated molecular transitions can be narrow, and midinfrared spin-orbit lines in atomic bromine have less than 1 cm −1 linewidth [8] .
Motivated by these applications we investigate near-infrared inner shell f -f transitions of thulium in argon and neon. Previous efforts have shown that the magnetic dipole line near 1140 nm in thulium remains narrow (less than 0.2 nm) when it is trapped in solid helium [5] .
However, for many applications solid helium is undesireable as it can only form under high pressure. Argon and neon on the other hand can be easily grown on any substrate. We find that the line is split into at least two and likely three components, but otherwise unshifted from the vacuum wavelength of 1140 nm, and remains narrower than the spectrometer resolution of 0.8 nm. The natural linewidth in vacuum is 1.6 Hz [21] , and it remains an open question what the true linewidth is in any noble gas. We have also determined the decay lifetimes, which are 28(3) ms and 14.6(5) ms when trapped in neon and argon, respectively, with the parentheses indicating statistical uncertainty. These are to be compared with a 75(3) ms lifetime in helium [5] .
The spectra of lanthanides are interesting because of the presence of unfilled 4f shell electrons (except in the case of neutral Yb). The ground state 4f n 6s 2 of the neutrals is split into fine-structure "sub levels" with transitions at optical frequencies. Because the incomplete 4f shell is submerged inside the 5s, 5p, and 6s shells, the f -f transitions are relatively isolated from the trapping environment. It is important to understand the mechanism by which the solid state confinement causes broadening. Basically, the trapping environment for the optically excited state is distinct from that of the ground state. Hence, a decay from the optically excited state proceeds by photon emission and subsequent relaxation of the environment by lattice phonons. Therefore, just as for two photon emission it is not the case that the optical linewidth is connected to the lifetime. Indeed, lifetimes for neutral Yb trapped in neon can be hundreds of seconds [22] . transitions associated with 4f -5d and 6s-6p in the visible range [24] . It has been shown that the magnetic dipole transition at 1140 nm is shielded significantly by the outer shells in high pressure helium gas [25] and solid helium [5] . Even though the collisional transfer of angular momentum in Tm-He collisions was very small, the spin relaxation rates for Tm-Tm collisions was found to be large [26] , ruling out the possibility of evaporative cooling in a magnetic trap. However, thulium has been successfully captured in a magneto-optical trap (MOT) using a strong transition at 410 nm and a secondary cooling transition at 530 nm [27] [28] [29] . The lifetime of the 2 F 5/2 state was found to be about 75 ms in solid helium [5] and 112 ms in an optical lattice [30] . Because of the small sensitivity to blackbody radiation, this transition is suggested as a possible optical clock [30, 31] .
EXPERIMENT
The layout of our apparatus is shown in Fig. 1 . During the experiment, the samples are prepared in a closed cycle helium cryostat with the cold head mounted vertically inside the vacuum shroud. The vacuum shroud is connected to the cryocooler using double O-rings, which help maintain vacuum inside the cryostat while allowing rotation of the vacuum shroud. Prior to the growth, a dry scroll pump is used to maintain vacuum inside the cryostat. The thulium metal inside the chamber is mounted on an aluminum holder and kept under vacuum to prevent oxidation.
A radiation shield is attached to the first stage of the cold head. The second stage heat station reaches the lowest temperature and the sample holder is attached to this stage with an indium gasket to maintain thermal contact. The sample holder is made of nickel plated copper and it holds a 19 mm diameter sapphire window for growing the argon/neon matrix.
A silicon diode temperature sensor anchored to the sample holder is used to monitor and stabilize the temperature via a temperature controller and a resistive heater.
With the commercial radiation shield attached to the first stage heat station, a temperature of 15 K at the sample holder was achieved, which was not low enough to form crystals of neon. This is due to a higher temperature on the sapphire window, and a decrease of the 24.5 K freezing point at low pressure. After using an additional radiation shield, we achieved a temperature of 11.5 K at the sample holder.
The rare gas to be deposited flows into the cryostat through a 1/16" outer diameter is then focused by a small aspheric lens into a multimode optical fiber which runs to the monochromator. To improve the signal to noise ratio, we chopped the excitation beam and used a lock-in amplifier, enabling sensitive measurements of photocurrents as low as 100 fA.
RESULTS
In order to characterize the emission properties of thulium in argon/neon crystals, we performed laser induced fluorescence spectroscopy. The sample was excited with a dye 6 laser which was tuned from 562 nm to 585 nm while we recorded the excitation-emission spectra using a spectrometer as shown in Fig. 2 . Typical excitation power was 10 mW. To determine the optimal gas flow rate and ablation laser power we performed spectroscopy under a variety of growth conditions. The overall intensity of the spectra depended on these conditions; however, the positions of the features remained roughly the same. Under optimal growth conditions, we deposit a crystal that is approximately 130 µm thick in one hour. Based on the film thickness of samples grown without a noble gas matrix, we estimate the concentration of thulium to be of the order of several parts per thousand. The two dimensional spectra show strong fluorescence features in the range of 580-600 nm when the excitation is around 560-580 nm. There are 5 known transitions involving the ground state for thulium atoms in vacuum in this wavelength range: three lines at 563, 568, and 577 nm involving the 4f 13 6s6p(7/2, 1) J levels, a line at 590 nm involving the 4f 12 5d6s 2 (6, 5/2) 7/2 level, and a line at 597 nm involving the 4f 13 6s6p(7/2, 0) 7/2 level [32] . Figure 3 summarizes the relevant states for thulium in vacuum.
It is difficult to make specific assignments to these levels in argon, as they could be mixed by interaction with the host. In neon the strongest fluorescence is in the range 593-600 nm.
Depending on the excitation wavelength, the emission band shifts closer to 593 nm or 600 nm, suggesting that these features have different origins. The sharper 593 nm emission band has been attributed previously to the vacuum 590 nm line [23] , as the narrower width for 593 nm emission is consistent with an inner shell f -d excitation. We assign the 600 nm emission band to the vacuum 597 nm line. This is further supported by the dependence on excitation wavelength, which matches the pattern of a weaker emission band at 582 nm that can be assigned to the vacuum 577 nm line from the same configuration. In this picture, different excitation wavelengths preferentially populate the 4f 13 6s6p or 4f 12 5d6s 2 configurations, and non-radiative relaxation to the lowest state within the 4f 12 6s6p configuration leads to a dominant emission band at 600 nm. There is an additional weak feature in argon at 685 nm, which is not clearly associated with any known transitions in free Tm atoms. It cannot be excluded that clusters or oxides of thulium could be contributing to these observations, however, the strength of the fluorescence features correlates with our subsequent observation of infrared lines at 1140 nm, meaning the observed features are likely to be coming from atomic thulium. Figure 4 shows our main result, the narrow emission lines of thulium near 1140 nm in both effect arises from the breaking of the full rotational symmetry of a free atom into the discrete point group symmetry of the crystal. This effect is known to be much larger (10s of nm)
for rare earth atoms trapped in fluoride crystals [33] [34] [35] , however, the much weaker van der Waals bonding in noble gas solids might contribute a scaled down version of this effect. It is also possible that the splitting could be due to multiple trapping sites with a small shift between them, but this would have to occur similarly in both neon and argon. The splitting and the relative intensities of the peaks were consistent across multiple growths.
If the observed splitting is indeed due to crystal field effects, it is worth considering relevant symmetries. For fluoride crystals, the trapping site can have the cubic (also known as full octahedral, O h ) symmetry or a lower symmetry. In the former case the 2 F 7/2 level splits into 3 sub-levels, and the 2 F 5/2 splits into 2 sublevels. In the latter case the levels are maximally split into 3 and 4 sub-levels, respectively [34] . Since both neon and argon have fcc crystal structures, it is possible that the trapping center could fall into either category.
In either case more than 3 lines are expected, but some may be too weak or close together to resolve at present. Thulium atoms trapped in helium had no observed splitting [5] , but lighter and less tightly bound helium atoms would be expected to move around and present less rotational symmetry breaking.
In helium, zero-phonon features were observed as a sharp peak in the fluorescence as a function of the excitation wavelength at 591 nm [5] . The dependence of the narrow 1140 nm emission intensity on excitation wavelength for neon is shown in the relevant range in Fig. 5 . There is strong fluorescence for all blue wavelengths, which begins to fall above 580
nm. In addition, there is a peak near 594 nm, likely an excitation of the 4f 13 6s6p(7/2, 0) 7/2 level corresponding to the vacuum 597 nm line. It cannot be excluded that near 591 nm there is a small bump due to a zero-phonon peak partially masked by the 594 nm peak, but this feature is not reproduced in all growths. It is not surprising that zero-phonon features should be weaker in heavier host crystals, as the heavier the host the less the host atom configurations between the ground and excited states will overlap due to zero-point motion.
Over several hours of measurements, the signal strength decreases and there appears a bleached spot on the sample where the dye laser illuminated it. Ordinarily the thulium-doped crystal has a brown appearance, but it is closer to transparent or white in the bleached area.
Exposing the sample to white light and/or blocking the excitation beam does not cause the bleached spot to recover. However, annealing the sample partially recovers the fluorescence.
Typically the bleached spot is several millimeters across, consistent with the illuminated area size. It is difficult to explain this effect by either clustering or diffusion, since clustering would presumably not be reversible, and diffusion would reach the edge fastest along the direction in which the sample is thinnest and either coat the substrate or form a metallic layer at the free surface, neither of which is observed. Thus the nature of this degradation is not fully understood. However, the spectra are acquired sufficiently quickly (10-30 minutes) that the degradation between the beginning and end of a spectrum is less than 10%. No difference in the spectra other than an overall decrease is seen, although the signal-to-noise after bleaching is unfavorable for detailed comparison. Bleaching effects are not uncommon in matrix isolation and have been seen in Rb in noble gases [20, 36] and parahydrogen [37] .
We measured the lifetime of the metastable 2 F 5/2 state by exciting the sample with a periodic series of exciting pulses by chopping the dye laser beam at a constant frequency and recording the fluorescence signal using a current amplifier and oscilloscope. This measurement technique gives a lower signal-to-noise ratio than the lock-in, and so each lifetime trace requires about 90 minutes to acquire. [5] and 112(4) ms in a 1D-optical lattice [30] . We speculate that this might be explained by a non-centrosymmetric trapping site leading to a small electric dipole matrix element.
DISCUSSION
For surface sensing applications, thulium trapped in argon or neon crystals appears to be a promising candidate. As host crystals, compared with helium, these are easier to deposit, and higher concentrations of thulium are possible. Parahydrogen and orthodeuterium are other potential candidates, although these are solid over a lower range of temperatures.
From the atomic perspective, the heavier noble gases seem to introduce additional effects, such as a splitting, and reduce slightly the lifetime of the excited state. Neither of these is likely to impact the suitably for surface sensing, and in fact, if the lifetime reduction comes from a larger optical transition matrix element, this would be beneficial for applications where the 1140 nm transition was used for excitation. Importantly, the linewidth appears to remain narrow, and what the true linewidth is remains an open question. Already, the linewidth is at the level where large Zeeman shifts from Tesla-scale fields can be detected [5] .
If the true linewidth is significantly narrower, correspondingly smaller fields could be seen and one might imagine detecting, for example, nanoscale field inhomogeneity in a thin layer above an antiferromagnet or an exotic spin system. If the hyperfine coupling can be resolved, optical pumping might be employed to use the magnetic sublevels as an even more sensitive magnetometer. Finally, we note that if the line splitting is indeed due to crystal field effects, there exists the possibility to do optical refrigeration [38, 39] , on a much smaller energy and temperature scale, provided the non-radiative and Raman processes can be kept small.
CONCLUSION
We prepared samples of thulium atoms trapped in a crystals of argon and neon. We performed visible and infrared laser-induced fluorescence spectroscopy. The spectra were shifted and broadened from the vapor phase in the visible range, but in the near-infrared region, the emission spectrum remains narrow and splits into multiple lines. These results suggest that this narrow optical transition occurs between two levels with nearly identical coupling to the surrounding environment. Direct excitation of this transition could allow for optical pumping, and possibly even optical refrigeration. To determine the true linewidth we plan to improve our spectroscopy resolution in the near future. * cparker@gatech.edu
